Introduction
============

In mammals, intestinal remodeling is essential for adaptation of infants to their new environment upon birth, and for the development of the complex adult gastrointestinal (GI) tract, which begins as they start to eat solid food. Morphologically, the mammalian embryonic intestine is a simple tubular structure consisting of epithelial cells derived from the endoderm \[[@B1],[@B2]\]. During development, the gut endoderm forms a monolayer of rapidly renewing columnar epithelial cells. The absorptive surface of the GI tract increases dramatically as the epithelium folds into the crypts and finger-shaped villi that characterize the mammalian adult small intestine. The development of the mature, self-renewing GI tract is complete in the first few weeks after birth (around weaning) in mice or up to one year after birth (transition to solid food) in humans \[[@B1],[@B3]-[@B6]\]. Throughout postnatal life, the epithelium of the GI tract is in a constant state of self-renewal. This process is a result of intestinal stem cells, which reside in the epithelium of the base of each intestinal crypt, and requires continuous coordination of the proliferation, differentiation, and death programs \[[@B1],[@B2]\]. Thus, the intestine represents a good model to study both tissue development and cell renewal. Despite intensive studies and interest, the factors that mediate maturation of the intestine and cell renewal remain poorly understood, in part due to the difficulty of accessing and manipulating postembryonic development in mammals.

Amphibian metamorphosis shares strong similarities with postembryonic development in mammals, a period spanning several months prior to birth to several months after birth in humans when intestinal maturation takes place \[[@B7],[@B8]\]. It offers a unique opportunity to study the complexities involved during organogenesis and cell regeneration in vertebrate development. Morphologically, tadpole intestine (comparable to the mammalian embryonic intestine) is a simple tubular structure mainly consisting of a single layer of primary/larval epithelium \[[@B9]\]. As the diet of the tadpole (herbivore) changes during metamorphosis to that of a frog (carnivore), the intestine undergoes morphogenetic transformations to form the complex adult intestine. More specifically, the larval epithelial cells undergo degeneration through programmed cell death or apoptosis \[[@B9]\]. Concurrently, stem cells of the adult epithelium develop *de novo*and proliferate. Eventually, they differentiate to form a multi-folded epithelium surrounded by well-developed connective tissue and muscles, producing an organ that resembles and functions like adult mammalian intestine. Even though mammals do not undergo metamorphosis *per se*, the mammalian intestine progresses through homologous fetal and postnatal developmental processes.

A major advantage of metamorphosis in amphibians such as *Xenopus laevis*is that all the changes described above are initiated and controlled by a single hormone, thyroid hormone (T3), through gene regulation via the T3 receptor (TR) \[[@B8],[@B10]\]. Interestingly, endogenous T3 peaks at the climax of metamorphosis when the most metamorphic changes and organ maturation are occurring. Likewise, high levels of T3 are present in human fetal plasma during the several months around birth, the postembryonic period of extensive organ development and maturation \[[@B7]\]. As in amphibians, T3 is an important regulator of intestinal mucosal development and differentiation, including during weaning in mice and rats when adult-type digestive enzymes begin to be produced \[[@B11]\].

Despite numerous studies describing the cellular mechanisms for intestinal remodeling in amphibians and mammals during development, little is known regarding the molecular mechanisms that regulate embryonic-to-adult intestinal transformation. In addition, distinction between embryonic- and adult-specific genes has remained essentially unexplored. This latter point is of critical importance as we are now aware that changes in gene expression early in development can have significant consequences later in life. Toward addressing these issues, we performed genome-wide microarray analyses of *X. laevis*intestinal tissue to systematically determine the changes in signaling pathways during natural metamorphosis. To represent the spectrum of genetic programs associated with the remodeling process, intestines of *X. laevis*tadpoles from pre-metamorphosis (stage 53), pro-metamorphosis (stage 58, when larval cell death begins), metamorphic climax (stage 61/62, when cell death is near completion and cell proliferation as well as adult epithelial cell differentiation take place), and the end of metamorphosis (stage 66, when adult epithelium is formed) were isolated and analyzed. Our bioinformatics analysis on the developmentally regulated functional gene categories provides an understanding of their potential roles during metamorphosis, and thus likely during postembryonic vertebrate GI tract transformation in general. Furthermore, we identified a number of embryonic- and adult-specific genes and pathways in the intestine, which likely have conserved roles in amphibians and mammals in either GI developmental remodeling or the physiological functioning of the embryonic and adult intestine.

Results and discussion
======================

Morphological assessment of intestinal remodeling during spontaneous metamorphosis
----------------------------------------------------------------------------------

To determine the expression pattern of genes involved in intestinal remodeling, we isolated samples at stages during development that would represent specific time points associated with intestinal development and maturation. Four stages were selected, pre-metamorphosis (stage 53), the end of pro-metamorphosis (stage 58), metamorphic climax (stage 61), and the end of metamorphosis (stage 66) (Figure [1](#F1){ref-type="fig"}). At the morphological level, the samples selected represented the full spectrum of changes during metamorphosis, including adult cell proliferation and differentiation. The pre-metamorphic intestine, when there is no detectable T3 in the plasma \[[@B12]\], is a simple tube like structure with a single infolding, referred to as the typhlosole, and contains mostly larval epithelial cells. By stage 58, when endogenous T3 is present and metamorphosis has begun, larval epithelial cell death begins and the thin larval muscle and connective tissue layers in the intestine begin to increase in thickness. At stage 61 when plasma T3 is near peak levels, there is an evident increase in both muscle and connective tissue of the intestine and proliferating adult epithelial cells can be identified histologically. At stage 66, the typhlosole is obsolete, and an adult intestinal structure resembles mammalian mature intestines. At the cellular level, a TUNEL assay showed significant larval epithelial cell death at stage 58, while 5-bromo-2-deoxyuridine (BrdU) labeling revealed profound adult cell proliferation at stage 61. Thus, the histological analysis revealed that the stages selected for RNA collection represent the major distinct phases of intestinal remodeling.

![**Morphological, histological and gene expression changes associated with *X. laevis*intestinal remodeling during natural metamorphosis**. Representative metamorphic stages and the corresponding intestine evaluated with H&E (arrowheads indicate the islets of proliferating cells), TUNEL assay (arrows indicate the apoptotic cells), and BrdU immunohistochemistry (arrows indicate proliferating cells). Scale bar = 100 μm. AE:adult epithelial; Ct: connective tissue; Ep: epithelium; m: muscle; Ty: typhlosole. The schematic representation at the bottom summarizes the major changes associated with the stage-dependent transition.](gb-2010-11-5-r55-1){#F1}

Gene expression profiles of the remodeling intestine during development
-----------------------------------------------------------------------

To ensure that the RNA samples do indeed represent signature gene expression patterns of intestinal remodeling during development, we assessed the expression of several genes known to be regulated by T3 during metamorphosis from each RNA sample prior to microarray analysis. These include five up-regulated (*TRβ*, *ST3*(stromelysin-3), *TH*/*bZIP*(T3-responsive basic leucine zipper transcription factor), *XHH*(sonic hedgehog), *GelA*(gelatinase A)) and one down-regulated (*IFABP*(intestinal fatty acid binding protein)) gene. The expression kinetics of these genes confirmed that the RNA samples collected represented pre-metamorphosis, pro-metamorphosis, metamorphic climax and the end of metamorphosis. Their expression patterns at the isolated stages all agreed with their known profiles (Figure [2](#F2){ref-type="fig"}).

![**Expression changes of *TRβ*, *THb*/*ZIP*, *ST3*, *XHH*, *GelA*and *IFABP*, which are established intestinal remodeling markers, during natural development**. The results are expressed relative to the control *rpl8*.](gb-2010-11-5-r55-2){#F2}

To obtain a perspective on global gene expression changes during intestinal development, we performed a pair-wise comparison of gene expression microarray data for each stage and observed that 3,132 and 1,624 genes were significantly up- and down- regulated, respectively, with a fold change ≥1.5 between at least two of the stages (Table S3A, B in Additional file [1](#S1){ref-type="supplementary-material"}). When the expression levels at stages 58, 61, and/or 66 were compared to those in the larval intestine at stage 53, stage 61 had the most number of genes up- and down-regulated (Figure [3a, b](#F3){ref-type="fig"}), which agrees with the fact that this is the climax stage, when most drastic changes are taking place. This is more clearly demonstrated by a heat map of the relative gene expression levels of each of the regulated genes during stages 53 to 66 (Figure [3c](#F3){ref-type="fig"}), which shows a lot more highly expressed (in red) and lowly expressed genes (in green) at stage 61 compared to the other stages. Among the regulated genes (relative to stage 53), 199 were commonly up-regulated and 71 were commonly down-regulated for all three developmental stages (58, 61 and 66). The highest number of shared regulated genes was between stages 61 and 66, suggesting that many genes up-regulated by stage 61 continue to function by the end of metamorphosis. In contrast, stages 58 and 66 shared the least number of regulated genes, indicating distinct gene expression programs at these two developmental stages, consistent with the fact that one is preparing the animal for climatic changes while the other is finishing these changes. While validation of all the genes identified was not practical, we chose a representative sample that was subsequently analyzed by quantitative reverse-transcription PCR (RT-qPCR) to verify the microarray trends (Figure [4a, b](#F4){ref-type="fig"}; Table S4 in Additional file [1](#S1){ref-type="supplementary-material"}) of genes that were significantly regulated by ≥1.5 based on the microarray analysis. We used independently isolated intestinal RNA and found that 81 of the 84 genes analyzed by RT-qPCR agreed with the microarray data (Figure [4a, b](#F4){ref-type="fig"}; Table S4 in Additional file [1](#S1){ref-type="supplementary-material"}). In addition, we also performed *in situ*hybridization on intestinal sections for representative genes and the results for all genes with detectable *in situ*signals were consistent with the microarray expression profiles (Figure S1 in Additional file [2](#S2){ref-type="supplementary-material"}; also see below).

![**Genes significantly up- and down-regulated in the intestine during natural metamorphosis at specific stages when compared to stage 53**. Venn diagrams showing the number of genes significantly **(a)**up-regulated and **(b)**down-regulated in the intestine during natural metamorphosis when the indicated stages were compared to stage 53 by microarray. **(c)**Temporal changes in gene expression during natural development visualized by heatmap. Normalized mean-centered expression levels for each gene are shown with black representing mean expression levels of four stages for a given gene, and green and red indicating lower or higher than the average as shown in the color legend.](gb-2010-11-5-r55-3){#F3}

![**Confirmation of gene regulation patterns identified by microarray with RT-qPCR**. **(a)**Microarray. **(b)**RT-qPCR. GenBank accession numbers are shown above the graphs. The vertical axis in (a) shows the normalized log intensity of the expression and in (b) shows the expression of the genes with stage 53 arbitrarily set to 1.](gb-2010-11-5-r55-4){#F4}

Global outlook on the temporal pattern of expression and functional classification of these genes during intestinal remodeling
------------------------------------------------------------------------------------------------------------------------------

To identify molecular pathways involved in GI tract development and maturation, we used principal component analysis, which quantitatively grouped the developmental changes in gene expression into six major clusters \[[@B13]\] (Figure [5](#F5){ref-type="fig"}; and Table S5 in Additional file [1](#S1){ref-type="supplementary-material"}), providing an overview of global expression trends during development. The six clusters were defined according to the pattern of expression they exhibited: cluster 1, up-regulated (1,784 genes); cluster 2, down-regulated (1,081 genes); cluster 3, larval enriched (198 genes); cluster 4, adult enriched (559 genes); cluster 5, early down-regulated (137 genes) and early up-regulated (229 genes).

![**Regulated genes can be grouped into six clusters based on developmental regulation patterns**. The number of genes in each cluster is indicated in the schematic diagram. **(a, b)**Clusters 1 and 2 represent genes that are predominantly regulated at metamorphic climax, with the former following the endogenous T3 concentration. **(c, d)**Clusters 3 and 4 include genes with higher levels of expression in tadpoles and frogs (larval- and adult-enriched genes), respectively. **(e, f)**Clusters 5 and 6 are genes up- or down-regulated mainly at stage 58. All clusters were evaluated by GO analysis and two or more examples of the significantly regulated GO categories that had \>60 genes (clusters 1 and 2) and \>5 genes (clusters 3 to 6) regulated during metamorphosis are listed. A complete list of GO categories associated with each cluster is listed in Table S6 in Additional file [1](#S1){ref-type="supplementary-material"}. PCA: principal component analysis.](gb-2010-11-5-r55-5){#F5}

To better understand the biological and molecular functions of the genes within the six identified expression clusters, we performed Gene Ontology (GO) classification to identify biological functional categories statistically enriched in each gene cluster based on the human RefSeq homologs \[[@B14]\]. The analysis revealed little or no overlap in the GO categories, suggesting that genes in different clusters have distinct biological functions during development (Figure [5](#F5){ref-type="fig"}; Tables S6 in Additional file [1](#S1){ref-type="supplementary-material"}). Cluster 1 was the largest and contained many biological pathway categories associated with cell proliferation (GO:0006950), signal transduction (GO:0007165), transcription factor activity (GO:0030528, GO:0006357, GO:0006366, GO:0003700) and cell-cell signaling (GO:0007267), suggesting that the genes in these categories are involved in the climatic remodeling processes (Figure [5a](#F5){ref-type="fig"}). Of particular interest was the high number of genes associated with transcription from RNA polymerase II promoter (GO:0006357) and its regulation (GO:0006366), and the transcription factor category (GO:0003700). Thus, transcriptional regulation and signaling pathways are important events needed at the climax of metamorphosis when tissue remodeling and cell proliferation takes place. The genes within the cluster 1 GO categories appear to be T3-dependent as their expression levels follow the endogenous levels of T3. Cluster 2 is the second largest cluster and contains down-regulated genes that are associated with metabolic (GO:0008152) and catabolic processes (GO:0009056) (Figure [5b](#F5){ref-type="fig"}). Metabolic pathways such as glycolysis, digestion and the complexes that transfer electrons and synthesize ATP in the mitochondrial inner membrane all appear to shut down at metamorphic climax and start again at the end of metamorphosis. These changes are likely important for the larval cells to undergo apoptosis and may be associated with a shunt in dietary needs, as the animal does not feed during metamorphosis \[[@B15]\].

The genes that belong to cluster 3, larval enriched genes, included GO categories associated with catalytic activity (GO:0003824) and RNA processing (GO:0006396), while cluster 4, adult-enriched genes, included GO categories that are involved in multicellular organismal processes (GO:0032501) and system development (GO:0048731) (Figure [5c, d](#F5){ref-type="fig"}). Genes belonging to catalytic activity and RNA processing GO categories were highly enriched in the larval stage of development but not at the end of metamorphosis, suggesting that they are required prior to the initiation of DNA replication during transcription to drive cell cycle progression and the other downstream processes described for cluster 1. Conversely, the enrichment of GO categories related to multicellular organismal processes and system development at the end of metamorphosis suggests that the up-regulation of these processes is required for the maturation of the adult organ and/or the physiological function of the adult organ. The remaining clusters are small but do include some interesting GO categories. For example, the transient down-regulation of the GO categories involved in either biosynthetic processes or biosynthetic catalytic activity (cluster 5; Figure [5e](#F5){ref-type="fig"}) is consistent with apoptosis as an early event during metamorphosis, while the increase in the expression of genes associated with immune response (cluster 6; Figure [5f](#F5){ref-type="fig"}) may likely be associated with apoptotic removal of larval cells.

Using established biological processes to identify pathways that are regulated during development
-------------------------------------------------------------------------------------------------

GenMAPP software, which categorizes genes into established pathways associated with biological processes and diseases, was used to analyze our expression data in the context of established pathway collections of biological processes and diseases to identify significantly regulated pathways. Of particular interest were the genes that were significantly up- or down- regulated at metamorphic climax (stage 61) and thus more likely to contribute to the putative developmental programs dependent on T3 regulation. Among the significantly up-regulated pathways during intestinal remodeling is the transforming growth factor-beta (TGF-β) signaling pathway (Figure [6](#F6){ref-type="fig"}). As the tadpole progressed from stage 53 to stage 58, four genes of the pathway were up-regulated. By stage 61, 15 genes were up-regulated, and by stage 66, the number of genes up-regulated compared to stage 53 were only 5, and one gene was now down-regulated. These results suggest that up-regulation of the TGF-β pathway is important for the remodeling taking place at the climax (stage 61) of metamorphosis. Interestingly, disruptions to TGF-β signaling have been associated with cancer \[[@B16]\]. This pathological effect is likely related to the mis-regulation of apoptosis and/or cell proliferation as implied from the correlation observed during intestinal remodeling.

![**Temporal regulation of a significantly regulated biological pathway, the TGF-β pathway, during intestinal remodeling**. Genes that are up- or down-regulated at stages 58, 61 and 66 relative to stage 53 are shown in red and green, respectively.](gb-2010-11-5-r55-6){#F6}

Conversely, among the biological pathways significantly down-regulated during development, the electron transport chain is of particular interest (Figure [7](#F7){ref-type="fig"}). There was only one gene in the pathway that was down-regulated at stage 58. On the other hand, at climax (stage 61), about 30 genes were down-regulated. By the end of metamorphosis, the expression of these genes returned to pre-metamorphic levels. Thus, at climax, down-regulation of the electron transport chain is correlated with the massive apoptosis in the larval epithelium and indicates that energy synthesis via ATP rapidly halts or is inhibited. As ATP production closely matches the metabolic state of the cell, the down-regulation of this pathway may reflect the fact that most cells are apoptotic at the climax and thus relatively metabolically inactive \[[@B15]\].

![**Temporal regulation of the electron transport pathway during intestinal remodeling**. Genes that are up- or down-regulated at stages 58, 61 and 66 relative to stage 53 are shown in red and green, respectively.](gb-2010-11-5-r55-7){#F7}

Meta-analysis: comparison with expression profiles during T3-induced intestinal remodeling
------------------------------------------------------------------------------------------

A unique advantage of frog metamorphosis is that it can be induced precociously by adding physiological levels of T3 in the rearing water of pre-metamorphic tadpoles. We have previously carried out a microarray analysis to search for genes that were regulated after T3 treatment of pre-metamorphic tadpoles \[[@B17]\]. Genes that are commonly regulated during both natural and T3-induced intestinal metamorphosis are more likely to play important roles for the transformation process and are thus of high value for future studies. Accordingly, we compared the genes that were regulated at stages 58, 61, and 66 (compared to stage 53) from the present study to those regulated after 1, 3, and 6 days of T3 treatment of stage 52/54 tadpoles (compared to untreated animals) \[[@B17]\]. The intestine of tadpoles treated with T3 for 3 to 6 days had extensive cell death and adult cell proliferation but no adult epithelial differentiation, and thus resembled that at stages 58 to 61 during natural metamorphosis \[[@B17]\]. Molecularly, 5.7, 20.9 and 33% of the genes up-regulated at stage 58 overlapped with genes up-regulated after 1, 3, and 6 days of T3 treatment, respectively (Table [1](#T1){ref-type="table"}). A similar percentage overlap was observed for genes down-regulated at stage 58 with those down-regulated after 1, 3, and 6 days of T3 treatment (Table [1](#T1){ref-type="table"}). Of the genes up-regulated at stage 66, 4.6, 16.9 and 17.6% overlapped with the up-regulated genes after 1, 3, and 6 days of T3 treatment, respectively, and again similar results were found for the down-regulated genes. Of particular interest is the finding that at the molecular level, stage 58 and 61 tadpole intestines resemble those from pre-metamorphic tadpoles treated with T3 for 3 and 6 days, respectively, in agreement with the histological and histochemical findings \[[@B17]\]. However, even though similar histological changes occur during induced and spontaneous metamorphosis, the gene expression changes associated with intestine remodeling after T3 induction do not strictly correlate with those of specific natural developmental stages, likely due to different levels of T3.

###### 

Overlap of significantly regulated genes between the T3-induced and spontaneous metamorphosis microarrays

             Overlap for up-regulated genes   Overlap for down-regulated genes                                                                
  ---------- -------------------------------- ---------------------------------- -------------------- ------------------ -------------------- --------------------
  Stage 58   *36 (*5.7%/8.3%)                 *133*(20.9%/10%)                   *210*(33%/8.8%)      *32*(9.3%/6.3%)    *95*(27.7%/6.2%)     *102*(29.8%/5.9%)
  Stage 61   *110*(3.6%/25.5%)                *489*(16.2%/36.7%)                 *898*(29.7%/37.8%)   *93*(5.1%/18.2%)   *398*(21.6%/25.9%)   *532*(28.9%/30.5%)
  Stage 66   *63*(4.6%/14.6%)                 *231*(16.9%/17.3%)                 *417*(17.6%/17.6%)   *46*(7.8%/9%)      *14*(24.6%/9.5%)     *13*(23.3%/7.9%)

The number of genes common between those regulated at a developmental stage and those after a particular T3 treatment is shown in italics. The percentages of those commonly regulated genes are given in parentheses after correcting for genes present in both microarray platforms used in the two studies, with the first percentage representing the commonly regulated genes as a percentage of the genes regulated at a developmental stage and the second representing the commonly regulated genes as a percentage of the genes regulated after a T3 treatment.

Identification of larval- and adult-specific intestinal genes
-------------------------------------------------------------

Tadpole and adult frogs are both free-living animals and require a fully functional intestine. To date, little is known about any potential differences in the gene expression profiles between the two forms. A similar lack of knowledge also exists for the prenatal/neonatal intestine versus the adult intestine in mammals. Our microarray data offer an opportunity to discover larval- versus adult-specific genes. For simplicity, we arbitrarily defined larval- or adult-specific genes as those with ten-fold or more differences in the expression levels between stages 53 (larval) and 66 (adult) on the microarray. This more stringent analysis led to the discovery of 17 larval- and 52 adult-specific genes (Tables [2](#T2){ref-type="table"} and [3](#T3){ref-type="table"}). Of these, we were able to find the human homologs for 11 and 30 genes, respectively. The small numbers made it impossible to analyze their functional GO categories. Thus, we evaluated genes individually. Interestingly, a number of larval-specific genes (for example, BC086270 (mucin) and BC060496 (cytochrome P450)), have been described as molecular biomarkers for colon and other human cancers \[[@B18]-[@B20]\], suggesting that inappropriate continued expression of larval/embryonic genes in the adult intestine leads to, or is indicative of, cancer development. Among the adult-specific genes, several genes associated with digestion were significantly up-regulated. The expression of these genes is likely important to accommodate the dietary changes.

###### 

Larval specific genes with ≤0.1-fold expression at stage 66 versus stage 53

       GenBank                Gene        Gene name                                                Fold change
  ---- ---------------------- ----------- -------------------------------------------------------- -------------
  1    [AY762616](AY762616)   *UGDH*      UDP-glucose dehydrogenase (mucin)                        0.07
  2    [BC042305](BC042305)   *SLC22A6*   Solute carrier family 22 (organic anion transporter)     0.07
  3    [BC044073](BC044073)   *ISYNA1*    Inositol-3-phosphate synthase 1                          0.03
  4    [BC044116](BC044116)   *KRT8*      Keratin 8                                                0.00
  5    [BC056840](BC056840)   *LTF*       Lactotransferrin                                         0.07
  6    [BC060496](BC060496)   *CYP3A4*    Cytochrome P450, family 3, subfamily A, polypeptide 4    0.07
  7    [BC072842](BC072842)   *TRIM2*     Tripartite motif-containing 2                            0.07
  8    [BC074222](BC074222)   *SLC16A1*   Solute carrier family 16                                 0.04
  9    [BC081224](BC081224)   *TXNRD1*    Thioredoxin reductase 1                                  0.08
  10   [BC082530](BC082530)   *SLC34A3*   Solute carrier family 34 (sodium phosphate)              0.03
  11   [BC085055](BC085055)   *ANPEP*     Alanyl (membrane) aminopeptidase                         0.02
  12   [BC086270](BC086270)   *GCNT3*     Glucosaminyl (N-acetyl) transferase 3                    0.10
  13   [BJ057663](BJ057663)   *AIFM2*     Apoptosis-inducing factor, mitochondrion-associated, 2   0.05
  14   [BX844453](BX844453)   *DIO1*      Deiodinase, iodothyronine, type I                        0.09
  15   [CK799950](CK799950)               *Transcribed locus*                                      0.05
  16   [DQ096886](DQ096886)   *CA14*      Carbonic anhydrase 14                                    0.08
  17   [L20816](L20816)       *PLCB3*     Phospholipase C, beta 3                                  0.09

###### 

Adult specific genes with ≥10-fold expression at stage 66 versus stage 53

       GenBank                Gene         Gene name                                              Fold change
  ---- ---------------------- ------------ ------------------------------------------------------ -------------
  1    [AF170337](AF170337)                *Transcribed locus*                                    24.15
  2    [AY260728](AY260728)   *SLC5A8*     Solute carrier family 5 (iodide transporter)           58.97
  3    [BC043635](BC043635)   *ARG1*       Arginase                                               20.07
  4    [BC045220](BC045220)   *MATN2*      Matrilin 2                                             12.53
  5    [BC053814](BC053814)   *INMT*       Indolethylamine N-methyltransferase                    24.27
  6    [BC054155](BC054155)                *Transcribed locus*                                    53.57
  7    [BC054202](BC054202)                *Transcribed locus*                                    18.55
  8    [BC054284](BC054284)   *HSD11B1*    Hydroxysteroid (11-beta) dehydrogenase 1               15.61
  9    [BC054987](BC054987)   *NAALADL1*   N-acetylated alpha-linked acidic dipeptidase-like 1    15.98
  10   [BC056841](BC056841)   *AMY2A*      Amylase                                                12.21
  11   [BC056856](BC056856)   *CPA1*       Carboxypeptidase A1                                    38.45
  12   [BC059786](BC059786)                *Transcribed locus*                                    69.65
  13   [BC059976](BC059976)                *Transcribed locus*                                    22.40
  14   [BC061680](BC061680)   *RDH16*      Retinol dehydrogenase 16                               24.15
  15   [BC070669](BC070669)   *ADH1B*      Alcohol dehydrogenase 1B                               15.66
  16   [BC070682](BC070682)   *KRT19*      Keratin 19                                             16.04
  17   [BC071004](BC071004)   *SULT2A1*    Sulfotransferase family 3A                             11.68
  18   [BC072097](BC072097)   *ACTA1*      Actin, alpha 1                                         20.68
  19   [BC072970](BC072970)   *CELA1*      Chymotrypsin-like elastase family,                     176.44
  20   [BC073555](BC073555)   *CTRB1*      Chymotrypsinogen B1                                    14.60
  21   [BC074179](BC074179)   *ABAT*       4-aminobutyrate aminotransferase                       14.42
  21   [BC074200](BC074200)   *HAO2*       Hydroxyacid oxidase 2                                  11.21
  23   [BC077848](BC077848)   *HPGD*       Hydroxyprostaglandin dehydrogenase 15-(NAD)            17.23
  24   [BC078061](BC078061)   *ELA3*       Elastase 3                                             136.11
  25   [BC078585](BC078585)   *CELA1*      Chymotrypsin-like elastase family                      10.86
  26   [BC080035](BC080035)   *HLA-DRA*    Major histocompatibility complex, class II, DR alpha   10.65
  27   [BC080096](BC080096)   *SULT1A1*    Sulfotransferase family, cytosolic 1A                  72.69
  28   [BC081152](BC081152)   *NFIX2*      Nuclear factor I/X2                                    121.87
  29   [BC081272](BC081272)   *CALB1*      Calbindin 1, 28kDa                                     444.83
  30   [BC082401](BC082401)   *DPP4*       Dipeptidyl-peptidase 4                                 74.40
  31   [BC082713](BC082713)                *Transcribed locus*                                    11.28
  32   [BC082923](BC082923)   *TNNI3*      Troponin I type 3                                      22.26
  33   [BC084270](BC084270)                *Transcribed locus*                                    24.97
  34   [BC084428](BC084428)   *MAOB*       Monoamine oxidase B                                    83.83
  35   [BC084607](BC084607)                *Transcribed locus*                                    16.91
  36   [BC084832](BC084832)   *CPB1*       Carboxypeptidase B1                                    60.91
  37   [BC085060](BC085060)                *Transcribed locus*                                    20.23
  38   [BC085209](BC085209)   *FAM55D*     Family with sequence similarity 55                     11.96
  39   [BE509325](BE509325)   *ALPI*       Alkaline phosphatase, intestinal                       10.59
  40   [BG160459](BG160459)   *HBG1*       Hemoglobin, gamma A                                    31.96
  41   [BG346716](BG346716)                *Transcribed locus*                                    31.94
  42   [BG407150](BG407150)                *Transcribed locus*                                    16.35
  43   [BX843298](BX843298)                *Transcribed locus*                                    11.44
  44   [BX845609](BX845609)   *PRSS2*      Protease, serine, 2 (trypsin 1)                        11.63
  45   [BX846064](BX846064)                *Transcribed locus*                                    32.00
  46   [BX846116](BX846116)                *Transcribed locus*                                    10.45
  47   [BX849304](BX849304)   *PRSS3*      Chymotrypsin-like elastase family                      86.57
  48   [CB943692](CB943692)                *Transcribed locus*                                    31.69
  49   [CD300904](CD300904)                *Transcribed locus*                                    21.17
  50   [CF271248](CF271248)   *LGALS1*     Lectin, galactoside-binding, soluble1                  21.19
  51   [CF271543](CF271543)                *Transcribed locus*                                    34.55
  52   [L28111](L28111)       *DIO3*       Deiodinase, iodothyronine, type III                    34.53

To confirm the bioinformatics and determine the cell type specificity of these larval- and adult-specific genes, four genes were randomly selected from each category and evaluated by RT-qPCR and *in situ*hybridization. The RT-qPCR results confirmed the larval and adult gene specificity within the intestine (Figure [8](#F8){ref-type="fig"}). *In situ*hybridization failed to detect convincing signals for the selected larval-specific genes despite trying multiple different probes, presumably due to low expression levels. On the other hand, of the four adult genes, two were expressed in the epithelium while the other two were in the connective tissue (Figure [9](#F9){ref-type="fig"}), indicating that the adult-specific genes are not restricted to the epithelium as one might have expected given the dominant role of the epithelium in the physiological function of the adult intestine.

![**The expression of larval- and adult-specific genes during natural metamorphosis**. Larval- and adult-specific genes analyzed by RT-qPCR, confirming the larval- and adult-specific designation based on microarray analysis.](gb-2010-11-5-r55-8){#F8}

![***In situ*hybridization of the four adult-specific genes with intestinal cross-sections at stages 53 and 66**. Scale bar = 100 μm. AE: adult epithelium; Ct: connective tissue; Ep: epithelium; L: lumen; M: muscle; Ty: typhlosole.](gb-2010-11-5-r55-9){#F9}

Parallels between amphibian and mouse gene expression during postembryonic intestinal development
-------------------------------------------------------------------------------------------------

To obtain a perspective on gene expression changes during intestinal metamorphosis and mammalian intestinal maturation during postembryonic development, we investigated the possible similarities in gene regulation between *X. laevis*and mouse. As both species are under the influence of increasing levels of circulating T3 during postembryonic development, we focused on genes whose expression is likely upregulated when T3 levels are high. We thus ranked the genes based on relative expression at stage 61 (climax of metamorphosis when T3 level peaks) in comparison to stages 53 (when there is little T3) and 66 (the end of metamorphosis) and identified 68 genes with ≥7-fold higher expression at stage 61 compared to that at stage 53 or 66. Among these 68 genes, we were able to find the corresponding homologs and design primers for 27 genes (the mammalian homologs for many *Xenopus*sequences could not be identified as the cDNA sequences are incomplete). To evaluate the conservation in the gene expression profiles, we obtained commercial mouse intestinal RNA samples from embryonic stages E17 and E18 (comparable to *Xenopus*stages 53 to 58 with regard to T3 levels), around birth (1 day to 2 weeks of age; comparable to amphibian stages 59 to 62), at weaning and adult (3 to 4 and 8 weeks of age, respectively; comparable to amphibian stages 64 to 66) and performed RT-qPCR for all 27 genes (Table S2B in Additional file [1](#S1){ref-type="supplementary-material"}). The vast majority of the genes (19 out of 27 genes) showed a similar pattern of regulation as seen in *Xenopus*, that is, with a peak in gene expression observed in the first 2 weeks after birth when T3 levels are high (Figure [10](#F10){ref-type="fig"}; Table S2B in Additional file [1](#S1){ref-type="supplementary-material"}). The remaining eight genes had similar levels of expression from E17 to 2 weeks of age (weaning), after which their expression was significantly decreased (not shown). All together, these data suggest that the molecular regulation of intestinal development in different vertebrate species is highly conserved.

![**Gene expression during mouse development**. RT-qPCR analysis was carried out for the indicated genes on mouse intestinal RNA at indicated stages. Note that the expression patterns of mouse *EB13*, *FCNA*, *MMP11*, *MMP14*, *PPP1RA1*and *SLC7A2*were similar to those of their homologs in *Xenopus*during metamorphosis as observed by microarray, that is, there were higher levels of expression shortly after birth in the mouse when T3 levels are high, just like at metamorphic climax. The expression of *NPL*and *RENBP*represent profiles of genes that differ from those in *Xenopus*. All RT-qPCR results are expressed relative to the control *RPS13*, with the expression of the genes at E17 arbitrarily set to 1.](gb-2010-11-5-r55-10){#F10}

Conclusions
===========

Most vertebrate diets change during development. To date, little is known about the underlying molecular basis responsible for the tissue remodeling needed for this diet change. Here, using *X. laevis*metamorphosis as a model, we investigated gene expression profiles of the intestine during the transition from the larval to adult form. Interestingly, despite the dependency on T3 for intestinal remodeling, meta-analysis revealed that only half of the genes regulated in the intestine during natural development were common with those regulated upon treatment of pre-metamorphic tadpoles with T3, suggesting that significant differences exist between T3-induced and natural metamorphosis. We identified six major gene clusters involved in the intestinal transformation from the embryo to adult form. The two largest clusters have peak and trough expression levels, respectively, at the metamorphic climax, equivalent to around birth in mammals. Moreover, genes induced at metamorphic climax (stage 61) parallel those with expression peaks in mouse intestinal maturation around birth. These and other known conserved genes in vertebrate postembryonic development, especially with regard to the intestine, argue that many of our findings here are likely applicable to mammalian development.

Although the larval to adult remodeling of the epithelium of the *X. laevis*intestine has been well studied at the cellular level, to date, few genes specifically expressed in the larval or adult intestine had been identified. An important contribution of this study is the identification of novel larval/embryonic- and adult-specific (enriched) genes, which provide new insights into the molecular regulation of GI development/function and are likely worthy of further investigation in GI developmental and disease models. We identified 17 larval-specific and 52 adult-specific genes. These genes are likely related to the specific physiological functions of the larval and adult organ. Many adult-specific genes are associated with digestion. For example, dietary enzymes, including the serine proteinases PRSS2 and PRSS3, are significantly increased in the adult intestine. Serine proteinases (trypsins) were only considered to be synthesized in the pancreas, although there was one study showing that they are expressed at high levels in the adult pancreas and small intestine in both humans and mice \[[@B21]\]. Trypsin is essential for food digestion, but is also involved in other physiological and pathological processes, such as inflammation and tumor invasion \[[@B22],[@B23]\]. Aberrant expression of intestinal trypsin may be indicative of pathological processes. Both PRSS2 and PRSS3 are expressed in the connective tissue of the frog but not tadpole intestine. Two other adult-specific genes evaluated, *ELA3*and *NFI-X2*, were predominantly expressed in the epithelium. These genes may provide good adult-specific markers to evaluate adult epithelial regeneration.

The larval-specific genes vary in their potential functions. We found that the larval-specific genes such as AY762616 (UDP-glucose dehydrogenase) and BC042305 (solute carrier 22A6) may play a role in signal transduction and cell migration, while mucin, cytochrome P450, BC081224 (thioredoxin reductase), BC044116 (keratin 8) and BC056840 (lactotransferrin) are described as potential molecular markers for colon, breast and other cancers \[[@B24],[@B25]\], suggesting that inappropriate expression of larval-specific genes in adult intestine may cause or be indicative of cancer formation. As there has been a surge in human colon cancers since the mid-1980s, the identification of larval- and adult-specific genes as reported here should help to increase our understanding of their role at specific time points during development, and their expression earlier or later during development may represent specific candidate genes as colorectal cancer markers. Furthermore, as the GI is constantly self-renewed, it is important to evaluate potential genes that may act as, or be indicators for, tumor cells with stem-cell-like properties; larval- and adult-enriched categories may prove to be an important starting point in this evaluation.

Although gene expression studies have been recently reported for the digestive tract in zebrafish and mouse \[[@B26],[@B27]\], these species lack the distinct, stage-dependent tissue transformation events that occur during metamorphosis, thus making it difficult to correlate gene expression profile changes with cellular transformations. Secondly, the influence of T3 in zebrafish and mouse GI development and maturation at the molecular level has not been evaluated to the same extent as in amphibians. Amphibian metamorphosis has three distinct developmental stages: pre-metamorphosis, pro-metamorphosis and metamorphic climax. During pre-metamorphosis, the tadpole lacks endogenous T3 but is competent to respond to exogenous T3, which can induce a precocious metamorphosis. Pro-metamorphosis begins (around stage 55) with the maturation of the thyroid gland and low-level secretion of T3, which initiates the first metamorphic changes, such as limb development. Endogenous T3 levels continue to rise and peak dramatically at metamorphic climax (stages 58 to 65), which is characterized by the rapid, overt transformation of the tadpole \[[@B8]\]. Our study reveals that for each developmental stage, many genes were regulated in comparison to the pre-metamorphic (larval) controls (stage 53). Interestingly, the number of genes coordinately/commonly regulated in the three metamorphosing stages (stages 58, 61, 66, when compared to stage 53) was strikingly low, indicative of distinct molecular processes needed for different stages of metamorphosis.

It should be reiterated that the largest cluster of genes involved in amphibian GI development includes genes that were significantly up-regulated at stage 61 (cluster 1), coinciding with the high concentration of endogenous T3. These data suggest that during natural development, most significant changes occur at metamorphic climax and that the genes in these categories are most likely T3-dependent genes that follow the gene expression profile of the established T3 response genes *ST3*(involved in tissue breakdown) and *XHH*(involved in cell differentiation). The second largest cluster of genes is the inverse of cluster 1, where gene expression is high before climax, then drops dramatically at climax, and then rises again at the end of metamorphosis. The genes in this cluster likely require fully differentiated cells, as indicated by the expression of *IFABP*, a marker for fully differentiated intestinal epithelial cells. Moreover, our comparative analysis revealed that during mammalian intestinal development, the genes that peaked in expression at stages 61, such as *MMP11*(mouse homolog for amphibian ST3) were also significantly up-regulated at birth in mouse. This suggests that molecular signatures during intestinal development and maturation are highly conserved in different species and that the role of T3 in regulating target genes for intestinal development is of potential importance. Future comparative studies are needed to evaluate the significance of T3 regulation in early gut development in the embryo or fetus.

Using GenMAPP databases to analyze biological pathways that play an important role in GI development, we found that the TGF-β signaling pathway and the electron transport chain are significantly up- and down-regulated at the climax of metamorphosis, respectively (clusters 1 and 2, respectively). The TGF-β signaling pathway has been implicated in both apoptosis and cell proliferation; thus, its up-regulation at metamorphic climax may allow it to participate in both larval epithelial cell death and adult cell proliferation. Clearly, future functional studies are needed to test this. Interestingly, TGF-β has been implicated as a tumor promoter in intestinal epithelial cells that have become resistant to its tumor suppressor activity \[[@B28]-[@B30]\]. Our finding that this pathway is involved in the transition from larval to adult intestine suggests that alteration of its normal developmental function may be important for tumor development and metastasis. Therefore, the identification and understanding of the TGF-β pathway and how it is controlled or turned off in natural development in frogs may reveal targets of intervention for treatment of human intestinal cancers. The GO categories in cluster 2 include genes for glucose metabolism and mitochondrial ATP synthesis, such as in the electron transport chain. The latter were also previously identified to be down-regulated in the intestine after T3 treatment of pre-metamorphic tadpoles. Their down-regulation is likely important for the apoptotic removal of larval epithelial cells. Interestingly, insertional mutagenesis screens with zebrafish found that mutations in mitochondrial ATP synthase genes caused both liver and intestinal defects during development. One of the genes significantly regulated in the electron transport chain, the ATP-binding cassette transporter, utilizes energy from ATP hydrolysis to carry out biological processes, including translocation, translation of RNA and DNA repair. Mutation of this gene or disruptions in its expression may lead to a number of inheritable human diseases, such as cystic fibrosis \[[@B31]\]. Therefore, defects in the function of genes in clusters 1 and 2 may significantly contribute to the development of specific GI and other diseases. Clearly, future analyses are required to determine the functional roles of these genes in the development of the vertebrate intestine.

Materials and methods
=====================

Animals
-------

Tadpoles were purchased from NASCO (Fort Atkinson, WI, USA). All animals were maintained and used in accordance with the guidelines established by NICHD Animal Use and Care Committee.

RNA extraction and microarray analyses
--------------------------------------

RNA was isolated and subjected to microarray (Agilent slides AMADID 013665) analysis using a two-color reference design system \[[@B14],[@B17],[@B32]\]. Five tadpoles were pooled for each of three biological replicates per developmental stage. Both data and platform have been submitted to the Gene Expression Omnibus (GEO; accession numbers \[GEO:GPL10302\] for the platform and \[GEO:GSE21303\] for the data). To identify statistically significant gene expression changes, ANOVA was performed across all developmental time points with a false discovery rate of ≤5% for multivariate correction. Bioinformatics analysis was performed with software from the NIA microarray analysis tool \[[@B13],[@B33],[@B34]\], GenMAPP and MAPPFinder with GO terms \[[@B35],[@B36]\] and GOMiner \[[@B37]\]. To depict gene expression changes using heatmaps, the normalized intensity values at different stages for each gene were mean-centered and analyzed with TIGR-MEV software \[[@B38]\].

RT-qPCR for amphibian intestines
--------------------------------

RT-qPCR was performed as described \[[@B32]\] using primers and either FAM-labeled TaqMan probes or SYBR^®^Green (Applied Biosystems, Foster City, CA, USA). Genes examined with the FAM-labeled Taqman probes were *TRβ*, *ST3*, *XHH*, *IFABP*, *TH*/*bZIP*and *GelA*. The expression level of each gene was normalized to that of the control gene *rpl8*(ribosomal protein L8) \[[@B39]\]. Additional genes for microarry validation were analyzed with SYBR^®^Green with the expression level of each gene normalized to that of the reference gene, *EF-1α*(elongation factor 1α). Primers are listed in Tables S1 and S2A in Additional file [1](#S1){ref-type="supplementary-material"}.

Intestine histology, TUNEL assay, BrdU treatment, immunohistochemistry and in situ hybridization
------------------------------------------------------------------------------------------------

Intestines were Bouin fixed, embedded in paraffin, sectioned and stained with H&E. Cell death was detected with TUNEL (terminal deoxyribonucleotidyl transferase-mediated dUTP-biotin nick labeling) assay \[[@B40]\]. To identify proliferating cells, live tadpoles were injected with 10 μl of BrdUrd (10 mM) 12 h before fixation with 4% paraformaldehyde, embedded in OCT compound, cryosectioned and processed for immunohistochemistry as described \[[@B41]\]. *In situ*hybridization probes were generated from cDNA clones (Open Biosystems Inc. Huntsville, AL, USA). The plasmids were linearized to synthesize both sense and antisense probes with T7 or SP6 RNA polymerase by using digoxigenin (DIG) RNA labeling mix (Roche Applied Science, Indianapolis, IN, USA). *In situ*hybridization was done as described \[[@B42]\].

RT-qPCR for mouse intestines
----------------------------

Mouse RNA samples were purchased from Zyagen Laboratories (San Diego, CA, USA) at the ages of E17, E18, 1 day, and 2, 3, 4 and 8 weeks. These time points were selected to encompass the developmental period of intestinal maturation and when T3 levels mimic those around stages 63 to 66 in *Xenopus*. RT-qPCR was performed with SYBR^®^Green as described above for amphibian tissue. The expression level of each gene was normalized to that of the reference gene, *RPS13*(ribosomal protein S13). Primers are listed in Table S2B in Additional file [1](#S1){ref-type="supplementary-material"}.

Abbreviations
=============

BrdU: 5-bromo-2-deoxyuridine; EF-1α: elongation factor 1α; GelA: gelatinase A; GI: gastrointestinal; GO: Gene Ontology; H&E: haematoxylin and eosin; IFABP: intestinal fatty acid binding protein; rpl8: ribosomal protein L8; RT-qPCR: quantitative reverse-transcription PCR; ST3: stromelysin-3; T3: thyroid hormone; TGF-β: transforming growth factor-beta; TH/bZIP: T3-responsive basic leucine zipper transcription factor; TR: T3 receptor; TUNEL: terminal deoxyribonucleotidyl transferase-mediated dUTP-biotin nick labeling; XHH: sonic hedgehog.
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